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ABSTRACT 


In this study, specular reflectance spectroscopy was 
carried out in the u.v.-visible region using a new 
detector, a charge-coupled device. This new detector 
enabled the reflectance experiment to be performed while 
monitoring: an electrogenerated species simultaneously over 
a relatively large wavelength range. The charge-coupled 
device also allowed for a substantial simplification in 
the electronic circuitry required to perform reflectance 
experiments as opposed to the commonly used 
photomultiplier tube. 

The interfacing of the new detector to an AIM 65/6582 
microprocessor is detailed along with the operation of 
such a system and its accompanying electronic circuitry 
during a reflectance experiment. A qualitative 
description of the charge-coupled device is also given 
after which its superiority over the more common 
photodiode array is inferred. 

This work demonstrates the ease with which the usual 
two dimensional reflectance information could be expanded 


to contain wavelength as the third dimension. 
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CHAPTER 1 


INTRODUCTION 


In recent years, spectroscopy has been utilized to 
augment many of the electrochemical techniques [1,2]. The 
basic spectroscopic methods used include internal 
reflection (Figure la), transmission (Figure lb), and 
specular reflectanse. (Figure lc). .The coupling of any one 
of these spectroscopic methods to an electrochemical 
technique can be accomplished by spectroscopically 
monitoring the region close to the electrode/solution 
interface as the potential of the electrode is changed 
from a reference region of electrochemical activity to one 
where a different electrochemical activity is apparent. 
Through such a combination the resulting electrochemical 
information is enhanced due to the molecular specificity 
imparted by the spectroscopic observation of the species 
of interest. The basic premise underlying this 
spectroelectrochemical combination is, of course, that the 
species of interest has a net absorbance difference at two 
potentials with this net difference being distinguishable 
from any background present at the wavelength of 


monitoring. The successful coupling of these techniques 
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Figure l. 


alone has resulted in the acquisition of some heretofore 
unattainable electrochemical information. The acquisition 
Or such data gives justification for ‘at Jeast a 
qualitative discussion on the implementation of these 
three basic techniques. 

In internal reflection spectroscopy [3-15], which was 
initially applied to spectroelectrochemistry in 1966 [3], 
the beam of light is incident on the back side of an 
optically transparent electrode (OTE) at an angle greater 
than the critical angle resulting in the total reflection 
of the light beam. The electric field associated with the 
totally reflected light beam forms a standing wave 
perpendicular to the surface. This wave extends slightly 
past the electrode's inner surface and into the solution 
where its electric field decays exponentially. Due to 
this evanescent wave, any electrogenerated species which 
is able to interact with the electric field is amenable to 
spectral monitoring via this technique. The penetration 
depth of the electric field, which is dependent both on 
the optical constants of the solution and the wavelength 
of the incident light, is usually about one-tenth this 
wavelength. Due to this small penetration depth, this 
technique is limited to investigations HehdtnG with 
species essentially residing at the electrode/solution 


interface. The limited penetration depth can also impose 
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severe restrictions on the maximum duration of such an 
experiment due to the fast acquisition of a steady state 
caused by a decrease in the rate of change of the 
diffusional processes occurring at the electrode's 
surface. The sensitivity of this technique can be 
increased through the use of multiple reflections. 

In transmission spectroscopy [16-24], the beam of 
light is passed directly through an OTE and the 
accompanying solution. By monitoring the change in 
transmittance of the light beam as the potential of the 
OTE is stepped into the electroactive region, the 
properties of the electrogenerated species can be 
evaluated. These properties include the molar 
absorptivity (¢€), the diffusion coefficient (Dg), and more 
importantly, in terms of mechanistic studies, the rate of 
formation or decay of the absorbing electrogenerated 
species. If the wavelength is scanned as the potential is 
stepped, the spectrum of an electrogenerated species can 
also be acquired. Many of the OTE's (25) used in 
transmission spectroscopy are made by chemical vapor 
deposition of a very thin layer of platinum, silver, gold, 
tin oxide, or indium oxide on a substrate whose 
composition is determined by its optical transparency over 
the wavelength range of interest. Since the initial 


introduction of the electrochemical technique utilizing 
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transmission spectroscopy in 1964 by Kuwana et al. [16], 
this technique has become well characterized and quite 
diverse in its applications. 

In specular reflectance spectroscopy [26-35], the 
incident light is first passed through the solution and 
then totally reflected from the surface of a solid 
electrode. In this increasingly popular technique, the 
electroactive species generated at the electrode surface 
is also monitored as it diffuses out into the bulk 
solution. This technique not only provides access to the 
data obtainable by transmission techniques, but by using 
phase sensitive detection can become very sensitive; in 
some cases even able to detect 10717 moles /cm2 Olea 
Substance. In another application utilizing signal 
averaging, kinetic information on the microsecond time 
scale can be acquired. 

In a more recent and very specific application of 
specular reflectance referred to as "Sinusoidally 
modulated alternating current reflectance spectroscopy" 
[36], an increase in sensitivity over electrochemical 
methods can be realized due to the absence of charging 
currents which can give quite large electrochemical 
backgrounds. In this technique a slowly varying cyclic 
potential ramp is applied to an electrode. Superimposed 


on the cyclic potential ramp is a small amplitude 
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Sinusoidal perturbation which results in the production of 
an alternating current in the electroactive region of the 
species under investigation. This electroactive species 
is monitored spectroscopically giving the fundamental 
harmonic alternating components of the concurrent specular 
reflection response which is recorded through the use of 
phase sensitive detection instrumentation. Since the 
species is monitored spectroscopically, the charging 
current is not detected. Through new applications of 
specular reflectance along with the increase in 
sensitivity realized, the future acceptance and widespread 
use of this technique as an important analytical tool 
seems to be assured. 

The aforementioned techniques have all proven to be 
valuable tools in electrochemical investigations. 
Valuable information has been gained in studies dealing 
with the structure of the electrical double layer [46-50] 
and evaluations of the kinetic parameters associated with 
faradaic processes or post-faradaic homogeneous processes 
Deed CuSiIONs Layereel ly 22h, Daley 20ry 2d Se, 4A; 51,52), 
aseenotaons | 10911526, 3438, 0974 24.43,45j)4.metal,deposition 
[23,24,45,53], and the identification and characterization 
of short lived reaction intermediates Nw 1 OF Oana A 4 | 
More recently, these techniques have been implemented for 


determinations of the stoichiometry and energetics of 
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biological components dealing with electron transport 
mechanisms [35,40,41]. Although the inclusion of any one 
of these techniques in an electrochemical investigation 
would prove to be quite valuable, it should be noted that 
reflectance techniques have several inherent advantages 
Over transmission techniques using OTE's. First, the 
measured light intensity after transmission through an OTE 
can be greatly attenuated compared to that reflected from 
a solid electrode. This is due to the ineluctable 
absorbance of the thin layer conductor. Second, the path 
taken by the light beam in a reflection experiment 
traverses the double layer twice at an angle differing 
from that normal to the electrode surface allowing a 
greater number of the species of interest to be 
encountered which results in increased sensitivity. 

Third, to prevent the light path from being obstructed by 
the counter electrode in OTE's, it is necessary to 
sacrifice any arrangement that would place all points on 
the working electrode surface equidistant from the counter 
electrode. This is not a problem in reflection 
techniques. Fourth, the often encountered high 
resistivities of OTE's manufactured by metal vapor 
deposition or other techniques can result in uneven 
current distributions which are not present in reflectance 


techniques using pure bulk metal electrodes. Due to the 
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aforementioned advantages of reflectance over transmission 
techniques, spectroelectrochemical reflectance techniques 
were used exclusively in this research for the in situ 
monitoring of solution free electrogenerated 
intermediates. In typical reflectance techniques, the 
experiment is carried out and monitored at one wavelength 
at a time using the ubiquitous photomultiplier tube. The 
approach taken here is to perform these experiments, but 
to use a new detector that allows the simultaneous 
recording of an entire spectrum of dispersed light. Thus, 
not only does an experiment give the usual two dimensional 
results of potential (or time) vs. absorbance (or current) 
at a specific wavelength, but now we can conveniently 
include the third dimension of wavelength. To this end, 
an entirely new spectrometer system was designed and 
tested in this work. The device used to simultaneously 
record che dispersed spectrum was a charge coupled device 
(CCD), similar in package to the more familiar photodiode 
array (PDA), but inherently different in operation and 
characteristics. The operation of a CCD will be 
qualitatively described along with the interfacing of this 
device to an AIM 65/6502 microprocessor and external 
control circuitry. Applications of this new rapid 


spectrometer will be presented. 
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CHAPTER 2 


THEORY 


In this research, the spectroscopic equivalent of 
chronoamperometry was carried out using a CCD as a 
detector. The experimentally observable variable is AR/R 
which is the difference in the intensity of the reflected 
beam of light during the potential step and before the 
potential step, divided by the intensity before the 
potential step. In order to relate AR/R to the 
electrochemical variables, it is necessary to solve Fick's 
second law which describes the diffusion of species R 
during an electrochemical experiment [54]. For a simple 


reversible electrode process 


+ne 
Ox === Red (1) 
-ne 
Fick's second law is 
ea TERS) ne GeteCx, +) 
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where Dpgg is the diffusion coefficient of species Crag. 
The solution, Cpeg(x,t), will give the concentration 
profile of species Cp.g as a function of distance, x, from 
the electrode surface and as a function of time, t. In 
this experiment we assume semi-infinite linear diffusion. 

Initially the applied potential is in a region of no 
electrochemical activity. This potential is then stepped 
into a region such that the ensuing electron transfer is 
solely governed by the rate at which species Cp.g diffuses 
to he (eee surface. The boundary conditions for 
such an experiment are: 


eee Lia eaboundarvyarccondition.: 


* 
Creq(%r0) = Creg (3) 


which states that at t = 0 the solution contains, 
everywhere, the bulk concentration Grad fai. ethe 
concentration of Cpeg at the electrode surface is 
equivalent to the bulk concentration, Gren) « 


2. Semi-infinite boundary condition: 


° * 
lim Creq(xrt) = Cred (4) 
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which states that at any time, t > 0, at some.distance 
from the electrode surface the concentration of the 
electroactive species will remain undisturbed and 
equivalent to the bulk concentration, Cnes CR BAR Sry Od of 
cell is large enough to be approximated by semi- 
infinite linear diffusion to a planar electrode). 


3. Surface boundary condition: 
Sed is a eee Ore ate 20 (5) 


which states that upon application of the potential 
step, the rate of the electron transfer is governed by 
the rate at which the species can diffuse to the 
electrode surface. Therefore, the concentration of 
the electroactive species Cp.qg at the electrode 
Surface is effectively zero (i.e., the electroactive 
species Cpaq is being consumed as fast as it can 
diffuse to the electrode surface). 
A solution to equation (2) can be arrived at through 
a straightforward application of the Laplace transform (L) 
[55] and the above boundary conditions. Using the 
differentiation theorem for the original function: 


9C pag (¥rt) 


L { = s {Cpcqgltrs)} - Cpig(x,0) (6) 


dt 
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Z 
Z a r) Creg (Xr t) ' fe [LC og (*rt)] 
———— 
Red awe Red 5 2 
2- 
a. e Creq (*S) 
Red ek wa) sane civ) 
ox 


where Cpag(x,S) Genotes the transformed function. The 


resulting image equation is 


al © (x,s) 
m= c Red 
= (agg (Xr8)1 ~ Cpeg (tr) = Pyggi— 2} 8) 
Inserting the initial boundary condition 
* 
CRea(*%r0) = CRreg (3) 
into the image equation gives 
2- 
Ja (x,s) 
i sd Red 
Ss [Chaar 5)) or Cred = fe aay = (9) 
Rearranging, we have 
2= e- 
ee (x;s) Ss a i 
: = Red 
ee he (Cae (Xrs)} -—_—— (10) 
ox D D 
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Which is an ordinary differential equation (no longer a 
partial differential equation). The general solution of 


Eqn. (10) is given by 


Creg(xrS) = exp(ax) (11) 

where 
fo} Gy Re (See ae e 12 
Dred . 


Therefore, 


Creg(x-8) aay expiox)(-a B cexpi(—ax)) 4+-constant. {(113)) 


The constant is determined using a variation of parameter 


technique [56] which utilizes the two linear equations: 


¥7407 4 Vo'U2 = 0 (14) 


and 


MOTs + Vo'U5' = Hy CLs) 


where prime denotes the first derivative. Substituting 
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exp (ax) 


U5 = exp(-ax) 


results in-« 


Vi' exp(ax) + V9" exp(-ax) 


and 


Vyira exp(ax) + Vo' (-a) exp(-ax) 


Bpyecramer’s2 rule: 
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exp (-ax) 


-a exp (-ax) 


exp (-ax) 


-a exp(-ax) 
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Now 
* * -i 
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exp (-ax 
[ -a exp(-ax)dx] = —Red Te 3 (22) 
1/2 ik 
2 a(SDpQg) 
Substituting 
1/2 
a = ($—=)'/ (23) 
Red 
simplifies V, to 
* 
G exp{-x(= vac 
Red Pred 
a + Ci: (24) 
Similarly, 
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Cred exp (ax) 


Pid exp(ax)dx] = tC (25) 
Aa Sse ate Soe 
Red 


again substituting 


Ps 
a = ([—) é (23) 
Red 
results in: 
* 
Creg CxPIX (5 mee | 
Red 
WS pe Se cpenengenarner ren ra perpen sen arent SLED (26) 
Z LAS 2 
Therefore, 
Ceereexp (x(n eae 
— Red Red 
Peaaikes) = VyUy + Vo = S Fearne SE ray + Cy 
c* exp{x(2 ee 
S 1/2 Ese Red 
exp { x ( ) Ws: ([ + Co | 
Red 2S 
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Transforming the semi-infinite boundary condition, we have 
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Substitution of Eqn. (33) into Eqn. (29) gives the 


solution 


ke 
Creq(*r8) = — [1 - exp{-x(2—)*/7}} 


x. 1 Eh ad Red 
ENSU NIE Fl ony pap ait ep (35) 
at the electrode surface (x = 0). This transforms to 
BCS irs D “i ped fd 
nFA Red ox x=0 (36) 


where n, F, and A represent the number of electrons 
Occurring in the electron transfer, the Faraday constant, 
and the area of the electrode surface, respectively. 


Substituting Eqn. (34) for Cpaqixrsy results in: 


* 
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i(s) = nFADpag eer genmt ag en } x=0(37) 
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which is the familiar Cottrell equation. Since, [18] 
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where € is the molar absorptivity of the absorbing 


species, and substituting equation 41 for i(t) results in 
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Now, if R,; is equivalent to the reflected light intensity 


during the potential step 
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before the potential step then 
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From Beer's law 
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0 0 
and substituting for Rj/Rg gives: 
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A(t) = poe In(1 7 x) ° (48) 
A Taylor's series expension of the natural logarithm 
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which after substitution into Eqn. (48) yields 
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Therefore, 
* 
AR 00032 pee pce 
— = -2.303 A(t) = ——____#e¢_ Red (52) 
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The special light path geometry of the cell used must be 
considered. We note that the beam of light passes through 
the solution and diffusion layer twice (Figure 2). For an 
angle o taken with respect to a normal to the surface of 
the electrode, the pathlength is q = 2x/cos o. 
Substituting Ae = €5 —- €, for. € in the case of both O, and 
Red being absorbing species with different molar 


absorptivities, €>5 and €j, we have the final result: 
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CHAPTER 3 
EXPERIMENTAL 


3.1 Preparations and Purifications 


Sei... Purification of Acetonitrile 

The electrochemical solvent used in this work was 
acetonitrile. Purification of acetonitrile was carried 
out uSing a modification of the procedure given by Mann et 
Peo Due to ,the electrochemical activity of “the 
impurities usually present in commercial grade 
acetonitrile, they must be removed before the solvent can 
be used. The impurities may include unsaturated nitriles, 
acetamide, ammonium acetate, acetic acid, aldehydes, 
amines, ammonia, and water. 

Approximately 2.5 L of commercial grade acetonitrile 
was rapidly distilled using a short Vigreux column in 
order to remove a large percentage of the impurities 
present. This greatly reduces the risk of a fire or 
explosion in the subsequent oxidative purification to be 
carried out. The first and last 100 mL were discarded, 
and the center 2.3 L were collected and stored over 10 g 


of calcium hydride for at least 24 h. No more than 0.2% 
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water can be present in the next step in order for the 
successful removal of aromatic hydrocarbons to be 
accomplished. The solvent was decanted and 25 mL of 
benzoyl chloride were added and the mixture was refluxed 
for one hour. The solvent was then distilled (5 mL/m) and 
collected in a flask containing 25 mL of water which was 
necessary to hydrolyze any benzoyl chloride carried 

over. The last 100 mL of solvent to be distilled were 
discarded. The solvent was redistilled discarding the 
Boesreoscuems “and last LOO"mL: °25 9 of potassium 
permanganate were added to the distillate and this 
solution was rapidly distilled discarding the first and 
last 50 mL of distillate. A drying tube was used to keep 
atmospheric water out. Any ammonia present was then 
neutralized with concentrated sulfuric acid whereupon the 
acidic acetonitrile was then decanted from any ammonium 
sulfate that had precipitated. The solvent was then 
@rstilted again (10 mL/m), “this-time discarding the first 
and last 50 mL and collecting the distillate over 25 g of 
calcium hydride. The distillate containing the calcium 
hydride was then distilled (1 mL/m) in a carefully dried 
distillation apparatus which contained a four foot 
insulated column packed with glass helices. The 
distillation was carried out under a dry argon atmosphere 


and the first 50 mL and last 100 mL were discarded. The 
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final distillate, purified acetonitrile, was stored over 
Woelm super grade alumina under a dry argon atmosphere 
until needed. 

This modified purification procedure gave a 65% yield 
relative to the starting material. The purified solvent 
gave, on the average, a transmittance of better than 90% 
at 200 nm. Using tetra-n-butylammonium tetrafluoroborate 
aS supporting electrolyte (0.1 M), the steady-state 
background current at +3.00 V versus a Ag/Ag* (0.01 M) 
electrode was less than 50 uA/cm?,. This background 
current is only achievable if the glassware used is 
scrupulously dried. The usual procedure is to use Woelm 
Super grade alumina in the electrochemical cell to remove 
any last traces of water. 

Caledon HPLC grade acetonitrile with 0.006% water 
could also be used after drying over Woelm super grade 
alumina overnight without further purification. The 


product is, however, very costly. 


3.2, oUupporcing. Electrolyes 


3.2.1 Preparation of Tetra-n-butylammonium 
Tetrafluoroborate 
Tetra-n-butylammonium tetrafluoroborate was prepared 
by a modified version of the procedure used by Lund and 


Iverson [58]. 340 g of tetra-n-butylammonium hydrogen 
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sulfate was dissolved in the minimum amount of water 
necessary and filtered. To the tetra-n-butylammonium 
hydrogen sulfate solution was added slowly and with 
stirring a solution of 100 g of sodium 

tetrafluoroborate. The immediately precipitated tetra-n- 
butylammonium tetrafluoroborate was filtered and washed 
with two 100 mL portions of ice cold distilled water. The 
precipitate was then dissolved in approximately 75 mL of 
methylene chloride and transferred to a separatory funnel 
and shaken. The lower layer containing methylene chloride 
and tetra-n-butylammonium tetrafluoroborate was added to 
300 mL of cold diethyl ether with vigorous stirring. The 
upper layer containing water and sodium bisulfate was 
discarded. The tetra-n-butylammonium tetrafluoroborate in 
the diethyl ether solution, after slowly precipitating, 
was filtered in 15 minutes. The precipitate was then 
redissolved in methylene chloride and reprecipitated upon 
addition of cold diethyl ether. This was performed a 
total of three times before the final precipitate, after 
being filtered, was dried under vacuum at 40°C for at 
least 72 hours. The yield was 75% with respect to the 


tetra-n-butylammonium hydrogen sulfate. 


Saeco Purrrreation of Lithium Perchlorate 
Lithium perchlorate (Thiokol) was purified with two 
recrystallizations from triply distilled water and was 


then dried at 100°C under vacuum overnight [59]. 
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3.3 Commercial Chemicals 


1,4-Dimethoxy-9,10-diphenylanthracene (Aldrich 99.9%) 
was used as received. 
2,6-Di-tert-buty1-4-(4-methoxyphenyl)-aniline was 


used as received. 


3.4 Optical Reflectance Cell and Electrodes 


The optical working electrode used was a thin 
platinum cylinder (2 mm x 6 mm diameter) which had been 
Silver soldered onto the end. of a longer solid brass 
cylinder (6 mm x 160 mm) (Figure 3). With a portion of 
the brass cylinder coated with epoxy, approximately one- 
half of the brass cylinder (the half containing the 
platinum disk) was then shrink-fitted into a 3 mm thick 
hollow Kel-F cylinder such that only the platinum surface 
remained exposed. The resulting seal was resistant to 
organic solvents. The remaining half of the brass 
cylinder was fitted with a Kel-F cylinder which was loose 
enough to be removed at will. A rubber O-ring was 
inserted between the stationary and removable Kel-F 
cylinders such that when a brass nut was tightened on the 
end of the brass cylinder containing screw threads, the 


movable Kel-F cylinder would squeeze and expand the O- 
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ring. The entire Kel-F sleeved brass cylinder fit into a 
Syringe barrel opening in the optical reflectance cell 
with a small enough clearance (0.1 to 0.2 mm) such that if 
the brass nut were tightened the O-ring would form a seal 
between this working electrode and the inner wall of the 
syringe barrel opening. 

The platinum surface of the working electrode was 
polished by mounting it in an aluminum mandril (Figure 4) 
which was used to keep the plane of the electrode surface 
perpendicular to the electrode's brass cylinder shaft. 
After securing the electrode with the two screws 
available, it was polished using increasingly finer grains 
Geeogeim, )).05 um, 0503 um) of polishing alumina’ (Baikalox) 
on a polishing pad (Buchler) which had been stretched and 
secured to an 8 inch square piece of plate glass. The 
Successive polishings were performed with the use of 
distilled water. It was possible to obtain reproducible 
mirror flat surfaces with this procedure. Before using 
the electrode, it was cleaned with acetone, sulfuric acid, 
and distilled water. 

The secondary electrode used consisted of a thin 
platinum disk attached to a platinum wire which was sealed 
into the end of a glass joint that fit into its counter 


port opening located opposite the working electrode. 
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The Ag/Ag* reference electrode used was isolated from 
the rest of the cell via a Luggin capillary containing a 
glass stopcock. The loosely fitting stopcock was wetted 
before being closed. The Luggin capillary led to a Ag/Ag* 
reference electrode. This section was inserted into a 
second syringe barrel opening located such that the tip of 
the Luggin capillary could be positioned close to the 
working electrode surface without interfering with the 
optical path. The distance of approach was adjusted so as 
to be the minimum achievable without driving the 
potentiostat into oscillation. The Luggin capillary was 
held in position via a movable O-ring on the capillary 
itself which would not fit into the syringe barrel 
opening. The Ag/Agt reference electrode was itself 
isolated from the Luggin chamber via a glass frit. 

The optical reflectance cell is shown in Figure 5. 
The platinum working electrode is positioned such that the 
incident light which has passed in through the first of 
two quartz windows will pass out through the second quartz 
window after reflection from the electrode surface. The 
secondary electrode is approximately 3 cm opposite the 


working electrode surface. 
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3.5 Experimental Apparatus 


The experimental apparatus used to carry out the 
spectrophotometric equivalent of chronoamperometry is 
illustrated in Figure 6. The components used to perform 
the electrochemistry consist of a Hi-Tek Instruments PPR1 
waveform generator and a Hi-Tek DT2101 potentiostat. The 
components utilized to obtain the optical signal consist 
of: a 35 watt quartz-halogen lamp, two 75 mm focal length 
lenses, the straight slit (Model No. 14115) and housing of 
a Spex Industries monochromator (Model No. 1401) along 
with,the accompanying John-Yvon grating (1221 g/mm blazed 
at 5000 A), and a Fairchild CCD 133. The components used 
to process the optically generated signals include an AIM 
65/6502 microprocessor and an Analog Devices 14 bit high 
speed ADC 1131k. In order to perform the 
chronoamperometric experiments, it was necessary first to 
record cyclic voltammograms of the compound of interest. 
This was done in order to determine the initial potential 
and the magnitude of the potential step necessary to 
arrive at a potential well into the diffusion limited 
region of the experiment. The cyclic voltammograms were 
obtained at a sweep rate of 100 mV/s using the same 
solutions and optical reflectance cell as were used with 
the chronoamperometric experiments. The potentiostat and 


waveform generator were also the same as used in the 
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chronoamperometric experiments with the cyclic 
voltammograms recorded on a Gould HR2000 storage recorder. 
A general overview of the electronics utilized to 
control and interface the CCD to an AIM 65/6502 
microprocessor during a chronoamperometric experiment will 
now be given, followed by a section containing a more 
detailed Besaeoe dn with the appropriate timing diagrams. 
The CCD used in this research contained one-thousand 
twenty-four individual photoelements and is described in 
Section 3.6. It required two synchronized clock signals 
for proper operation. The first was a sixteen kilohertz 
integration signal generated by a voltage controlled 
oscillator (VCO) (Figure 7). The other was a ten 
megahertz data signal generated by a twenty megahertz 
crystal clock oscillator (CCO) whose frequency was halved 
by passing it through a D-type flip flop (FFl). A D-type 
flip flop is an electronic clocked logic device that 
presents the D input signal level to the Q output whenever 
the clock input undergoes a positive transition [60] (a 
change in voltage from low to high). The sixteen 
kilohertz integration signal was used to enable a second 
D-type flip flop (FF2) which receives its D input values 
trom the output of the first flip flop—(fFL).—-This 
resulted in the properly synchronized clock signals 


(Figure 8) which allowed the CCD to operate at a "free 
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Transfer Clock 


Synchronized clock signals. 
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running" rate of sixteen kilohertz with approximately 
sixty microseconds being equal to one integration 

period. The sixteen kilohertz integration signal was also 
used to clock the first of three parallel decade counters 
(Cl, C2, C3). These decade counters determined the amount 
of time between the initiation of the potential step and 
the beginning of the integration period by counting a 
specified number of the positive transitions occurring in 
the integration signal. This delay time was adjustable 
under software control via the microprocessor, from zero 
to sixty milliseconds in sixty microsecond increments. 

The integration period was terminated by the second of two 
separate parallel decade counters (C4, C5). These 
counters were clocked by a 555 timer (Tl) which ran 
astably at eighteen kilohertz, allowing the integration 
period to vary from fifty-five microseconds to five 
milliseconds, programmable in fifty-five microsecond 
increments. After the integration period was terminated 
the microprocessor serially clocked out the CCD shift 
registers containing the analog equivalents of the 
incident light that had interacted with the 

photoelements. These were converted from analog to 
digital signals with a fourteen bit analog-to-digital 
converter (ADC) and were stored in the microprocessor. 


The microprocessor signal averaged a previously programmed 
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number of scans by summing and storing the spectra, with 


the spectrum of an electrogenerated species and the 


background spectrum taken in alternation. 


With the previous general overview in mind, the 


detailed operation of the entire electronic system during 


an experiment will be given below. In order to facilitate 


the understanding of the circuitry, the electronic system 


has been divided into four main parts and itemized below, 


each with a list of the important components contained 


therein. 


1b 


The AIM 65/6502 microprocessor. The microprocessor 

provided: 

a. a waveform generator (WFG) control line. 

be. a counter circuitry reset line. 

c. a CCD selector line. 

Ona aciiree bit load’ control bus. 

e. an eight bit data bus. 

f. a separate fourteen bit data bus. 

i. an AIM data Clock? line. 

h. an interrupt request line. 

The CCD and on-board circuitry (Figure 9). This 

consisted of: 

a, the CCD. 

b. one dual D-type (high speed) flip flop (FF). 
(Dual meaning there are two independently 


operating D-type FF's per package.) 
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one voltage controlled oscillator (VCO) set to run 
at a frequency of sixteen kilohertz. 

one-twenty megahertz crystal clock oscillator 
(CCO). 

two quad two-input nand gates. A nand gate is a 
logic device whose output is high whenever any one 
or both of the inputs are low. If both inputs are 
high, its output is low [60]. A quad two-input 
mand gate is a package containing four independent 
nand gates, each with two inputs. 

one dual MOS clock driver. This was a driver used 
to amplify a low amplitude input clock signal to a 


higher amplitude (as required by the CCD). 


counter circuitry (Figure 10). This consisted of: 
five decade counters. 

three dual D-type FF's. 

two 555 timers (astable mode). These timers 
provided preset frequency signals. 


three quad two-input nand gates. 


The signal processing circuitry (Figure 11). This 


consisted of: 


ae 


ier 


two voltage followers. 


one summing amplifier. 
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c. one fourteen bit analog-to-digital converter 


(ADC). 


The system was ready to run under microprocessor 
control (see Appendix A for program) after the following 


preliminary operations were carried out: 


1. The desired potential pulse duration and magnitude 
were set on the waveform generator along with any 


accompanying settings on the potentiostat. 


2. The following time periods were entered into the 
microprocessor: 
a. the delay between the onset of the potential pulse 
and the start of the light integration period. 
bemeecie duration of the light: integration: period. 
c. the time interval between potential pulses 
necessary to allow the electrochemical system to 


relax back to its original conditions. 


3. The number of repetitions (scans) to be averaged was 


entered into the microprocessor. 


4. The optical reflectance cell was aligned. 


5. The light source was on and the slit width to the 


monochromator was adjusted. 


6. The potentiostat was manually enabled. 
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To begin the experiment, one of the three available 
function keys (Fl) on the microprocessor was depressed 
causing the microprocessor to immediately jump to the 
beginning of the software program and start execution. 

The microprocessor took the CCD selector line high by 
bringing low one of the inputs to nand gate Nl (Figure 19) 
which was located in the counter circuitry. This enabling 
of the on-board sixteen kilohertz VCO and twenty megahertz 
CCO (Figure 9), via an array of nand gates, allowed the 
CCD to "free run", taking spectra at sixty microseconds 
per scan. Next, the counter circuitry was enabled (this 
will be explained later) as the WFG control line was 
simultaneously brought high. At this point, the counter 
circuitry had no control over the CCD, but the WFG was 
triggered (only once) due to the indeterminate state of 
FFl upon start-up. After a maximum of sixty milliseconds 
the counter circuitry disabled itself (also explained 
later) and signaled the microprocessor that it had done 
so, via the interrupt request line. In the meantime, the 
microprocessor had cleared all the memory necessary for 
data storage (approximately 8K). After waiting the 
required relaxation time for the electrochemical system 
(in case the WFG had been triggered), the microprocessor 
checked to see if the counter circuitry had disabled 


itself indicating a properly operating counter 
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circuitry. The counter circuitry was now in a 
predetermined state (all input and output levels were 
known). Up to this point the experiment had lasted about 
four seconds with the four seconds determined by the 
electrochemical relaxation time. 

To aid in explaining the operation of the system, 
timing diagrams (Figures 12 and 13) will be used. The 
microprocessor, having been signaled that the counter 
circuitry had disabled itself, loaded the five decade 
counters located in the counter circuitry (Figure 14). 
The first two decade counters loaded under software 
control, C4 and C5, determine the light integration 
period. To load them, the microprocessor presented the 
binary equivalent of the previously entered integration 
period onto an eight bit data bus (eight separate 
wires). This eight bit data bus terminates at the load 
inputs (Ll, L2, L4, L8) of the decade counters with the 
four higher bits connected to the load inputs of decade 
counters C2 and C5 and the four lower bits connected to 


decade counters Cl, C3, and C4. The microprocessor then 


selected the proper decade counter to load via a three bit 


load control bus. When any one of these three bus lines 
were brought from a low to a high level the data on the 
data bus was loaded into the corresponding decade 


counter. The sequence was as follows: 
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Timing diagram for loading of decade counters. 


Fagure 12. 
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a ©6CAT LT three ‘load’ control” lines’ ‘are taken low (Figure 12, 


Dt. a). 


2. The binary equivalent of the integration period was 


placed on the eight bit data bus (Figure 12, pt. b). 


3. Load control line three was brought high (Figure 12, 
Dus c). This loaded the four low bits on the data bus 
into decade counter C4 and the four higher bits into 


decade counter C5. 


4. The delay time was decoded and part of it (four 
highest bits) was placed on the four low bits of the 
G@acawous (Figure 12). pt..d), followed) by load control 
line two being brought high (Figure 12, pt. e), thus 


loading decade counter C3. 


5. The same sequence as was used for decade counters C4 
Aloe Wace tollowed tor Cl and C2” only using Jo0ad 


Pontrol line one (Figure 12, pts. f£ and 9g). 


With all five decade counters loaded, the 
microprocessor was ready to turn control of the CCD over 
to the counter circuitry (Figure 10). It did this by 
pulsing both the WFG control lines and the counter 
circuitry reset line low (Figure 13, pt. a) then high and 
also changed the CCD selector line to a high level (Figure 


ere wb), his caused the WEG trigger to be enabled and 
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also set FF's 1, 2, 3 and 4. When FF's 2 and 3 are set 
their Q outputs are changed from a high value, previously 
set by the test run, to a low value which enabled the 
decade counters. Decade counter Cl then counted the 
pulses delivered by the sixteen kilohertz VCO which were 
sixty microseconds apart with the first pulse clocking 
FF1's 10 output high which triggered the WFG. Since 
decade counters Cl, C2, and C3 were cascaded they counted, 
in sixty microsecond increments, the required number of 
pulses to arrive at the delay time (Figure 13, pts b to 
c). Upon finishing, decade counter C3 clocks the 20 
Output on FF2 high (Figure 13, pt. c) which disabled 
decade counter Cl also disabling C2 and C3. At the same 
time, the 555 timer Tl, wired to run in the astable mode 
(continuous) at eighteen kilohertz was enabled which 
started clocking decade counters C4 and C5. The first 
high to low transition of 555 timer Tl, which occurred 
fifty-five microseconds after it was enabled, clocked 
FF4's 40 output high (Figure 13, pt. d) which along with 
the CCD selector line was an input to nand gate Nl 
controlling the CCD selector control line of the on-board 
circuitry. ‘When 40 went high (the CCD selector line was 
already high), the output of nand gate Nl took the CCD 
selector control line low which disabled the on-board VCO 


and CCO five microseconds before the next VCO controlled 
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transfer pulse would have occurred. Thus, the light 
integration period started with the last pulse delivered 
by, the sixteen. kilohertz. vCO (Figure 13, pt., c).... Next, 
decade counters C4 and C5 counted the required number of 
pulses delivered by Tl, to arrive at the light integration 
period (Figure 13, pt. e) whereupon they disabled 
themselves by clocking FF3's 3Q output hignh.e aE Ys. .50 
output is also clocked high (previously set low by the 
sixteen kilohertz VCO) which enabled 555 timer T2. This 
timer clocked FF6's 6Q output high (also previously set 
low by the sixteen kilohertz VCO) taking the transfer 
enable line high (Figure 13, pt. f£f) which was kept high 
via FF6 and it associated nand gate. The ony time the 
required transfer pulse can get through to the CCD (other 
than in the “free running" mode) is when the transfer 
enable line is high. This now being the case, timer T2 
indirectly provided this transfer pulse. It did this by 
clocking, on its positive transitions, on-board FF1 which 
provided the inputs to on-board FF2. On-board FF2, which 
had been enabled by the transfer enable line, was also 
Sloeckeca py timer T2,. buts on its. negative transitions. The 
result was the properly synchronized transfer and 
transport signals required by the CCD (Figure 13, pts. g 
to h) which caused the CCD to simultaneously shift all of 


the one-thousand and twenty-four photon generated analog 
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signals out into the two analog shift registers. The 
transfer pulse was also used to clear the 50 and 60 
outputs on FF's 5 and 6 to prevent any more transfer 
puisesitiryom occurring? sThetcounter circuitry, having 
completed its function, signaled the microprocessor via 
FF3's 3Q output on the interrupt request line. The 
microprocessor took over and delivered individual data 
clock pulses to the on-board circuitry via the AIM data 
clock line, causing the CCD to serially shift out the 
analog shift registers alternately to two video lines, A 
and B (Figure 13, pts. h to i). Each video line was 
buffered by a voltage follower for protection with both 
then being summed at a Summing amplifier (Figure 11). The 
Summing amplifier also subtracted a constant d.c. bias 
voltage and amplified the result up to a maximum of ten 
volts. This signal was fed into a fourteen bit analog-to- 
digital converter (ADC) which was simultaneously being 
triggered by the data clock pulses. The resulting digital 
information was then transported to and stored in the 
microprocessor via a fourteen bit data bus. The analog- 
to-digital conversion and subsequent storage of all one- 
thousand and twenty-four bits of information required 
approximately twenty milliseconds. The CCD was then 
allowed to "free run" while the microprocessor summed the 


recently stored data with any previously stored data. The 
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rest of the relaxation time was then waited (Figure 13, 
pts. i to j) and the entire cycle was repeated only this 
time without enabling the WFG (Figure 13, pt. a'), thus 
acquiring a background spectrum. 

After the required number of spectra had been summed, 
the two resulting spectra consisting of electrogenerated 
species and background were serially transferred via an 
RS232 Asynchronous Communication Interface Adapter to a 
Three Rivers Corporation Perq computer for processing and 
plotting, resulting in the spectrum of the 
electrogenerated species. A hard copy of the resultant 
spectrum was then obtained using a Bascom-Turner (Model 


2128) storage recorder. 


3.6 Array Detectors 


A brief description of the operational 
characteristics of a. CCD and a PDA are given in this 
section. These characteristics are then compared and the 
superiority of the CCD over the PDA is demonstrated. 

The central active component of the CCD [61-68] is a 
MOS (metal-oxide-semiconductor) capacitor [69,70] which 
consists of a metal electrode and a doped semiconductor 
separated by an oxide layer (Figure 15). In this work, 
the semiconductor is a p-type doped silicon substrate. By 


applying a positive potential to the metal electrode of 
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Pagure ib. a) MOS capacitor. 


b) Potential well with signal change. 


56 


$7 


2? — 
? ane Se ' hh eit See i a 2 
p ‘ee a p') J Ai i ar ie oe: ia 
a — a | a al Mah ile S 
' iti. 42 eee eile Lae |S Lay 
i ave = t ~— E 
‘ beg renee i srt shed oma om a sper ~~ Ss Se a 
wane eS a eee ayo Pagers Ke 
re » hd. fh ; ¥ aS 
7 : ‘ — vt Bo] . 
: ' gt2} iy SET ie es ae re x regie 7 sg 
bist: as tek ;  _- 
Ul 4 
| a ‘ 


4 - 1% 
i 7 . } 4 —_ 
Re eee ee) SS ee 
=” y '% 
= 4 ri 
a 
r 
- ~ —— a a ci RS Bae | 
, ‘ = — Lae ae mie gthg we ar - — § - 
| either a) ile 8 ——— errs "— — —— 5 ar Adee ert 
a : ee a. * “yy fe eae Fi ga? + 
4 ; teat + 4 F d : 


» 
{ lk Re tn ling EES 


ee 


~~ 


i 


SERA . 


LaF 


mall 


ae 


4 a : 
fae 


st he at i ih Nite A RE a ei 


~ 


ee ree oe “oo ¢ 
i i 


irs if oy 


YTaN3 


fe 


- 


ig 


the MOS capacitor, a region depleted of free carriers is 
formed due to the repulsion of the majority carriers 
(holes in p-type doped semiconductors) away from the 
interface. A potential well is thus formed at the oxide- 
semiconductor interface which accumulates and stores any 
minority carriers (electrons) which are generated at the 
interface either thermally or by incident photons. 

Lateral diffusion of the walls of the potential well is 
prevented by a channel stop made of semiconductor material 
of the same polarity as the semiconductor (p-type doped), 
but doped a few orders of magnitude greater. This almost 
conducting material keeps the potential of the surrounding 
oxide-semiconductor interface close to zero. 

If two MOS capacitors are placed in very close 
proximity such that their depletion regions overlapped and 
their potential wells partially merged, any previous 
accumulation of mobile minority charge will ultimately 
reside at the MOS capacitor whose positive interface 
potential is the greatest—(Figure 16 t))<-—Therefore, the 
mobile minority charge, or charge packet, could be 
transferred to a neighboring MOS capacitor by applying a 
greater positive potential to the neighboring capacitor's 
electrode (Figure 16 ty to t3). Then, by decreasing the 
positive potential on the electrode of the capacitor where 


the charge packet initially resided, an essentially 
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Figure 16. aj. )s—-pnase- n-channel CCD, 
b,c,d) Potential.wells depicting. the transfer 
of charge. 
e) Associated timing diagram. 
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complete transfer of the charge packet to the oxide- 
semiconductor interface of the neighboring MOS capacitor 
can be brought about (Figure 16 Cen tO=t,)<eanrough) the 
application of sequential clock pulses in phase with one 
another to the electrodes of a long series of MOS 
capacitors [71-73], discrete charge packets can be 
transferred down the series of MOS capacitors to an output 
detector. 

The above qualitative picture applies to a surface- 
channel charge coupled device (SCCD) [74-76]. The term 
surface channel means that the charge packets are stored 
at the oxide-semiconductor interface where the well 
potential is a maximum. Due to interactions of the charge 
packets with fast interface states [77-82] and the rate at 
which charge can be transferred, it is preferable for 
optically generated signals to use a bulk or buried- 
channel charge coupled device (BCCD) [83-86]. BCCDs 
(Figure 17) contain an epitaxial [87] or ion-implanted 
layer [85] of semiconductor of opposite polarity to that 
of the substrate. This causes the maximum potential of 
the wells to be shifted away from the oxide-semiconductor 
interface and into the bulk of the semiconductor. When 
this layer is put in electrical contact with reversed 
biased input and output diodes, it will be drained of all 


mobile carriers. The depleted channel formed can then be 
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used to transport charge packets via moving potential 
wells created by modulating the potentials of the transfer 
electrodes with an appropriate pulse train. 

The BCCD used in this research consisted of a 
bilinear arrangement in which every other MOS capacitor 
was connected via a transfer gate to the elements of one 
of two analog transport shift registers (Figure 18). When 
the transfer gate is opened all of the photoelements 
transfer their charge packets in parallel fashion to the 
two shift registers where they can be clocked out 
serially. This parallel transfer of charge allows for the 
simultaneous integration of all of the photons that have 
interacted with the photoelements. 

Similar to a CCD is the device referred to as a 
photodiode array (PDA) [88] (Figure 19). A PDA consists 
of many photoelements with each photoelement being a diode 
and charged capacitor pair. Photons of light incident on 
the diodes create holes that migrate to the charged 
capacitor resulting in a gradual discharge of the 
Capacitor; the discharge rate being proportional to the 
flux of incident light. To decode the charge/photon 
information, a multiplexer connects each individual 
photoelement (diode and capacitor pair), one at a time, to 
a voltage source. This voltage source recharges the 


capacitor to the original potential with the total current 
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necessary to perform this function being measured. The 
multiplexer then connects the next photoelement to the 
voltage source and the process is repeated with each 
photoelement being read once in each multiplexed cycle. 
The CCD and PDA, while being similar in package, are thus 
very different in their corresponding modes of 

operation. The spectrum from a properly dispersed light 
source can be made to be incident on the photoelements of 
a=’ PDA ora CCD.+"In the’ case® of © thevccDe ity is’ possible’ to 
obtain the spectrum of a discrete event such as that of a 
chemically generated cation species, due to the ability of 
the CCD to integrate all photoelements over the same time 
frame. There is then a transfer of this information, all 
at once, in parallel fashion to analog shift registers 
where it can then be serially clocked out and read. This 
is not possible with a PDA since each photoelement has to 
be read one at a time. In this case, a shutter between 
the light source and the PDA would be necessary to prevent 
the remaining photoelements from continuing to integrate 
incident light while the previous photoelements are being 
read. The most time consuming portion of the operation of 
a CCD or PDA is the conversion of the analog photoelement 
data to its digital equivalent and storage in a 
microprocessor. This would severely limit the shortest 


integration period of a PDA to a value well into the 
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millisecond range unless extraordinary circuitry is 

used. This lower limit is easily surpassed with the CCD 
whose integration period is solely dictated by the rate at 
which two pulses can be delivered, one to initiate and one 
to terminate the integration period. The present 
electronic lower limit to the integration period used in 
this research is approximately fifty-five microseconds 
which is set by a twenty megahertz clock. The ultimate 
lower limit of integration is determined by the intensity 
of the light source [84,89-93]. 

While it is not intended here to discredit the PDA, 
it is apparent that the CCD will possibly replace the PDA 
due to its ability to integrate discrete and very short 
events and the simplicity with which it can be interfaced 
with modern, inexpensive microprocessors. This is true 
for virtually all presently existing commercial 


applications. 
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CHAPTER 4 


RESULTS AND DISCUSSION 


The uSual detector utilized to perform MSRS in the 
u.v.-visible spectral region is the photomultiplier tube 
as discussed previously. It has been the purpose of this 
researcm™m toureplace this type of detector and its 
associated circuitry with the new CCD detector. In order 
to assess the performance of this new spectrophotometer, 
it is first necessary to discuss the electronic circuitry 
and associated elements of the former case. It will be 
subsequently demonstrated that the selection of a CCD as a 
detector is advantageous not only from the point of view 
of multi-wavelength monitoring, but also due to 
simplifications in the electronics, experimental 
procedure, and a gain in versatility. 

The experimental components utilized in MSRS are 
shown in Figure 20. In a complete kinetic analysis of an 
electron transfer system, it must be realized that there 
are probably several intermediate species generated 
homogeneously after the initial electron transfer. It is 
thus necessary to obtain a spectrum over the entire 


spectral range available to see if any of these species 
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are chromophores. The kinetics of each chromophore may 
then be investigated with absorbance-time transients 
obtained at the appropriate wavelengths. The spectrum is 
first obtained by modulating the electrode with a square 


wave (typically 40 Hz) around the half-wave potential of 
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the redox reaction. This is usually performed from a base 


potential where there is no electron transfer reaction to 
one where the reaction is diffusion controlled. If the 
new conjugate redox species absorbs the incident 
radiation, then there will appear a 40 Hz modulation in 
the reflected beam. The beam is incident on the PMT so 
that its output may be deconvoluted using phase sensitive 
detection to extract the small signal associated with the 
modulation. The phase sensitive detection system then 
provides a d.c. signal proportional to the r.m.s. 
amplitude of that modulation. This amplitude will be a 


maximum, obviously, at the A of the chromophore. 


max 
In order to assure a relation between this d.c. 
output voltage and the desired AR/R, it is necessary to 
use an electronic feedback circuit. The feedback circuit 
controls the voltage across the dynodes of the PMT. The 
circuit, which is given in Figure 21, allows the direct 
recording of AR/R. It is designed to maintain a constant 


d.c. output regardless of the light intensity or 


wavelength response of the PMT. This means, effectively, 
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Bhat Reis kept, constant. Thus, if..it is possible to 
detect AR with the same circuit by an a.c. sensitive 
amplifier, AR will be proportional to AR/R at all 

Rave UenoUns .51.6. .AR = « AR/R (nb. if x=y jfor all x sand 
Vee oust S DrOportional to vy if clis .a constant),,,.where a 
is a constant of proportionality. The operation of the 
circuit, which is a dynamic feedback loop, is as 

follows: resistor Rl is chosen such that when a desired 
current flows in the anode output circuit of the PMT, +10 
V will appear at the output, A, of the current follower. 
This +10 V is nulled by adding a constant -10 V with the 
summing amplifier and voltage follower of section B, thus 
making the total effective output equal to zero volts at 
point C. This voltage is integrated by the integrator of 
section D. This integrator has a time constant which is 
long compared to the electrode modulation frequency. Thus 
any perturbation in the light intensity due to the 
electrode modulation will pass unimpeded, while slowly 
changing signals will be effectively integrated. The 
output of the integrator is input to a programmable power 
supply, E, which drives the PMT. Any positive voltage 
appearing at the input to the programmable power supply 
Miljicanse the supply voltage..to. the .eMT, to «decrease. 
Conversely, any negative input voltage will cause an 


increase in the supply voltage to the PMT, thus completing 
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the mechanism for maintaining an effectively constant 
current through the PMT, and hence a constant d.c. voltage 
or R. The above explanation may be made quantitative by 
considering the following example. Assume that Rl has 
been adjusted so as to make the input to the integrator 
equal to zero volts while 8B milliamps are flowing 
constantly in the PMT which is driven by a voltage y V 
from the programmable power supply E. If the intensity of 
the light incident on the PMT were now to begin to 
increase, possibly due to the appearance of a strong 
spectral line in the slit while the wavelength is being 
scanned, the current in the PMT would increase by some 
value, di. The current follower would respond by 
increasing its +10 V output by Xdv V to 10 + Xdv V (X is 
the gain of the current follower). The net voltage at 
output C of the voltage follower is thus -10 + 10 - Xdv Vv 
or -Xdv V. This voltage is integrated and a positive 


u 
voltage, [J xdv = X' V appears at the input to 


esy(C 3). 70 
the programmable power supply. This positive input causes 
the programmable power supply to decrease the supply 

Volt ages by: cy) —" X"i We.toe thes PMT. untileethei‘extrai'current, 
di, decreases sufficiently such that the input to the 
programmable power supply returns to zero. Thus, the 


circuit maintains a constant d.c. output at all light 


levels and/or wavelengths for any slowly varying PMT 
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response. In order to simultaneously obtain AR, the 
feedback circuit is tapped at point C and the signal is 
processed utilizing phase sensitive detection 
instrumentation. The phase sensitive detection 
instrumentation is driven at a given frequency of 
detection by a reference signal, which is the same as that 
being used to modulate the potential of the optical 
working electrode. With proper adjustment of any phase 
difference between the electrogenerated signal and the 
reference signal, the phase sensitive detection 
instrumentation is able to amplify almost exclusively that 
portion of the electrogenerated signal occurring at the 
reference frequency. The phase sensitive detection 
instrumentation then provides a d.c. output voltage level 
which is proportional to the r.m.s. amplitude of the 
electrogenerated signal. If the wavelength is scanned as 
the optical working electrode potential is modulated, the 
resultant spectrum of the electrogenerated species is 
recorded. 

From the foregoing discussion, it is apparent that 
the electronic circuitry and instrumentation utilized to 
obtain the spectrum of an electrogenerated species with 
the PMT is more complex than with a CCD. In order to 
maximize the signal to noise ratio, there is also quite a 


bit of "fine tuning" necessary in the case of the PMT. 
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This "fine tuning" can become quite arduous at times as 
opposed to a simple adjustment of the slit width when 
using the CCD. Not only does it require a relatively long 
time to record a spectrum with the PMT, but it should be 
noted that the spectral information is not quantitative in 
terms of absolute quantities of chromophores present. Due 
to the squarewave modulation of the working electrode 
potential, the electrochemical system is not given enough 
time to relax back to its original conditions during the 
time the potential is returned to the base level. If 
ene rical Square waves were used to overcome this 
problem, more serious problems with the phase sensitive 
detection circuitry would be injected. This lack of 
recovery at the electrode surface causes the 
electrochemical system to quickly achieve a steady state 
condition, thus stripping the spectrum of any information 
with respect to the relative amounts of the several 
species which may be present with different kinetic 
characteristic times. 

The cyclic voltammogram of 2,6-di-tert-buty1-4(4- 
methoxyphenyl)-aniline is given in Figure 22. The 
electrogenerated spectrum of the cation radical obtained 
with the CCD and with the PMT-phase sensitive detection 
instrumentation is given in Figures 23 and 24, 
respectively. By comparing these two spectra, it is 


quite obvious that the square wave modulation of the 
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Cyclic voltammogram of 2,6-di-tert-buty1-4, (4- 
methoxyphenyl)-aniline in acetonitrile/0.1 ™ 
tetra-n-butylammonium tetrafluoroborate, scan 


rate 100 mV/s, conc. 1.0 mM. 
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working electrode potential in the latter technique can 
highly distort the spectrum of the electrogenerated 
species. The relative heights of the two absorption 
maxima are quite different in the two cases. If the PMT 
is replaced with the CCD, it is no longer necessary to use 
the relatively complex phase sensitive detection 
instrumentation to acquire the spectrum of the 
electrogenerated species, and hence square wave modulation 
of the working electrode potential is avoided. Due to the 
ability of the CCD to integrate any incident light 
simultaneously on all photoelements, it is only necessary 
to use signal averaging (to simply increase the signal-to- 
noise ratio) to acquire the spectrum of an 
electrogenerated species. 

To perform the experiment using a CCD as a detector, 
Ee siiant f£rom a Source which has been reflected off the 
optical working electrode is properly dispersed (via a 
grating) with the resulting spectrum being made incident 
on the photoelements of the CCD. The CCD is allowed to 
"Free run", in effect, discarding all incident light 
information and clearing itself, until it is time to 
record a spectrum. At this time the potential of the 
working electrode is pulsed to the desired potential and 
the spectrum of the electrogenerated species is recorded 


and stored. Following the data acquisition, the potential 
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of the working electrode is returned to its base rest 
potential and held there for a suitable amount of time. 
For the electrochemically reversible compounds studied in 
this research, it was only necessary to return to the base 
potential for 4 seconds in order to achieve the original 
conditions. This time represents a duty cycle of 1.6%, 
enpougneto-reach to within 0.03% of the initial 
conditions. Due to the small magnitude of AR/R, it was 
necessary to signal average approximately 256 separate 
spectra to obtain a good quality spectrum of the 
electrogenerated species. In contrast to the method 
utilizing the PMT and phase sensitive detection 
instrumentation, the resultant spectrum in this case is 
quantitative. 

In order to complete the kinetically quantitative 
MSRS experiment after having obtained the spectrum of the 
electrogenerated species uSing phase sensitive detection 
and the PMT, it would now be necessary to select a few 
wavelengths at which AR/R - t transients would be 
recorded. The transient work would be carried out using 
signal averaging similar to that presented above using the 
CCD, but the resultant information, resembling the kinetic 
transient of Figure 25, would only be obtained at one 
wavelength. Conversely, in order to reconstruct an entire 


spectrum having quantitative information, it would be 
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necessary to signal average at many wavelengths which at 
best is very time consuming. The few transients recorded 
at specific wavelengths present the absorbance profiles of 
the electrogenerated species as a function of time. This 
can easily be accomplished with the CCD by using a small 
light integration period and taking only a few spectra. 
These spectra, all of the same small integration period, 
are taken at different time intervals after the initiation 
of the potential step. In the present application, there 
are three spectra taken per potential pulse, each 
separated by 20 ms with 20 ms being the minimum amount of. 
time needed to shift out and store one spectrum. Not only 
is the acquired data sufficient for quantitative work, but 
it is recorded as a spectrum, thus expanding the usual two 
dimensional information from that of time versus 
absorbance to three dimensions by including wavelength. 
Data is given in Table 1 for the electrogenerated radical 
cation of 1,4-dimethoxy-9,10-diphenylanthracene. The 
reflectance experiments were carried out using both the 
PMT and the CCD as detectors. The data obtained with the 
CCD corresponds only to one wavelength, the same 
wavelength at which the data using the PMT was obtained 
(6530 A). Using the data in Table 1 and equation 54 from 
the theoretical section, the diffusion coefficients 


calculated for the radical cation using the PMT and CCD 


8 0 


08 ae Oe 


. 
fs doifw arltunstovew. yosm 45 Py Sinphat 
behaege1 stnsieasid wot on? . PA ine mo® ome s wey, at 
) @6iftosg sonserceds was thseRedg: shila oh thes 
fan  en33 to nébsonad = om Set pee fs sassy ods 
tieme. 6 pnrireav yd ano. sad niiw Berle t [qmools ad yiteas o sd 
: Ife aa 
stived= wel «° yao’ palaes bes aolrsg noiteipetal Fi hl 
bokyeg noisespetal. Lisa erte edd shed fis lake tiie 
=) = 
noissitinit edd veste alev redo amis Jeocona th 46 cokes ore 
ofS ,~noiseotiqus sddasth sade. te +qete isfinesog ois te 
tose we uw ipjitrsdow 19° gernt extoege me: Lt, 1" 
to sewotts muminin att whisd ef G8 .diiw am G4 yd bezeie 
— 
¥iod 204 .muzeiege sno siote bie Juo FPate os bebson 
iu =. atow suisedidweup 162 snaiviline steb vistious lu 
ows Ieuan <nz oa thence suds ,mustosge «£ ee 
averay sitrt to fata? mod? rartemvebat £ no} 
wJgpaeisvnw poiGuloat vd encieceMih. sath? 89 208 
feoibst botaxerspoispels sry rotsi sider ind i hl ‘ee 
SnTt ‘shiseh nine tyaenatbi Oc bl yaalieaeet an 
adi djod. uptew Jud bebeYes stew. = Jasmisegso | 
afd doiw Ben tasdo Bteb ott e4ade06b ae > ons t 


.ompe. ads yitpoelovem, san 02: Pace) 


s Ve 


beqissdn. Fem: TMa ods prize” 54a att anne ter 
mowi te agitéupe. tne I older ai nate | 


¥ 


81 


| (ow) ou | (ow) ou z-Ol “ H/HV 


ec oEEES 


"(£2 eanbtq se owes AURIS ¥Y O€S9 7e TeOTper uoTReD SuSdeAzYy Ue 
-TAueydtp-0T‘6-Axoy outp-7/T eyz JO GOD pue LWd © YRTM peuTeRqO eIeP SUSW “T STIeL 


A A a EE 


- a —es =. — 


> a. i om 
igert) ecrtli | ="Oe ‘3 


| 
. 
i 
) 
\ 
} 
l 


Me 


q 
he ea ~" 
{ 
' 
' 


sd 
‘ 
-y 
ail 
“? 
a 1 . 


i 

; re? 
¥ 

{ 

: 

j “= ° 
« ; ' 

7 

; 

' 

> «¢ 

ae ' 3 - 


f 
1 
t 
‘ 
' 
¢ 
5 
' 
: 
yo 


- 
> 


82 


are in very good agreement, differing by less than 0.1%. 
The cyclic voltammogram of 1,4-dimethoxy-9,10- 
diphenylanthracene along with the five spectra taken using 
the CCD are presented in Figures 26 through 31. The 
spectra were taken with a light integration period of 5 ms 
using a 35 W quartz-halogen lamp. 

The graph in Figure 32 is a plot of AR/R versus the 
duration of the integration period. Each value of AR/R, 
derived from a different spectrum, was taken 47.5 ms after 
the initiation of the potential step. It is clear from 
this graph that the 5 ms integration period used is close 
to the minimum achievable with the 35 W quartz-halogen 
source and the dispersing optics used herein. If this 
source were replaced with a 200 W mercury-xenon lamp, for 
instance, the integration period should be able to be 
decreased considerably. It is surmised that since AR/R 
only decreased by a factor of 7 over a two orders of 
magnitude decrease in integration period, the common 200 W 
mercury-xenon lamp should provide enough flux to allow an 
integration period of 50 us to be achieved. Work in this 


area is continuing. 
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Cyclic voltammogram of 1,4-dimethoxy-9,10- 
diphenylanthracene in acetonitrile/0O.1l M 
lithium perchlorate, scan rate 100 mV/s, 
Conc... ..0 (mM. 
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Figure 27. 
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Spectrum of 1,4-dimethoxy-9,10-diphenyl- 
anthracene cation radical in acetonitrile/O.1 M 
lithium perchlorate, potential ster from 0.0 mV 
to 600 mV vs Ag/Agt, conc. 1.0 mM, integration 


period - 5 ms, integration initiated at 60 ms. 
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Conditions same as Figure 27 except integration 
initiated at 45 ms. 
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Conditions same as Figure 27 except integration 
initaateds at. 30) ms. 
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Conditions same as Figure 27 except integration 
initiated at 15 ms. 


ee hs 7 
at 
i. lad 
7 ny | al 
Peunve 
ce 


AVEO ae 


qorapxpsdat aise {S sidpit? esy ae 


a ot tk En 


- 


88 


©) 


AR/-7.05 Camel (Ys 


7500 ° 6000 
WAVELENGTH/A 


Conditions same as Figure 27 except integration 


Figure 3l. 
Snitiated at 0.0 ms. 
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de Conclusion 


In MSRS experiments in the u.v.-visible region, the 
replacement of the PMT with a CCD is a viable and 
desirable alternative. Not only does the CCD allow for 
the acquisition of a quantitative spectrum of the 
electrogenerated species of interest, but the 
instrumentation used to acquire this spectrum is less 
complex and the overall acquisition is less time consuming 
and provides more information. In the case of reactions 
preceeding or following the production of the 
electrochemical species in which there are other light 
absorbing species, the rapid and simultaneous multi- 
wavelength monitoring of such reactions can provide highly 
precise and complete homogeneous kinetic information. It 
should also be noted that the use of the microprocessor 
data acquisition system described herein to perform the 
reflectance experiment is not limited to this purpose and 
may be used in other electrochemical experiments in which 
the rapid acquisition of data is desirable. 

A future and slightly more complex application of the 
CCD in reflectance electrochemical experiments is 
presently being realized in our laboratory. Through the 
utilization of direct memory access circuitry, it will be 
Boeersle to shift out and store the 50 ws light 


integration period spectra in approximately 30 us, thus 
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allowing for the acquisition of many individual spectra 
per potential step. This will enable the production of 
three dimensional electrochemical information (absorbance 
versus time versus wavelength) to be completed after 
Signal averaging only one set of scans (the number of 
scans, of course, being determined by the molar 
absorptivity of the absorbing species). This is desirable 
in the analysis of irreversible systems in which the 
reactants tend to deplete quite rapidly, especially in 
biochemical systems where the total amount of substrate 


may be limited. 
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2 noo 

ve 308 

XAT 55 

ie i ut 7 


.s 
: t 
x 8% 
a - 


z 
f 


BQ92 


BO97 


BOAGD 


BOAA 


DEC 0004 
RTS 

INC 9904 
PLP 

RTS 

JSR BO26 
DEX 
LDA#@G 
STA 0004 
DEX 

DEX 

JSR BOAA 
CPX#OB 
BNE BAGA 
RTS 
LDA#00 
JSR BG52 
JMP BOAA 
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Listed below are the electronic chips used in the 


control circuitry. All devices are available through 


Motorola. 


Device 


LM 


MC 


MC 


MC 


MC 


301A 
1555 
14011B 
14017B 


14013B 


Function 


Operational amplifier 
555 timer 

Quad 2-input nand gate 
Decade counter 


D-type srlip Lop 
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